Abstract -Heat-stable enterotoxin b (STb) is a low molecular weight toxin known to bind sulfatide, its receptor. The fate of STb bound to rat intestinal epithelium cells was followed using an anti-toxin gold labeled assay and transmission electron microscopy. The data suggest that STb toxin and the fusion protein maltose binding protein (MBP)-STb were internalized whereas its mutant I41E-M42R with reduced hydrophobicity did not show internalization. There was a significant difference in the mean of gold particles per field between rat intestine incubated with STb or the fusion protein MBP-STb and the negative control consisting of intestine incubated with PBS alone. No subcellular compartment seems to be particularly aimed by the toxin as gold particles were randomly distributed within the cell. Escherichia coli / entérotoxine STb / internalisation 223 Vet. Res. 33 (2002) 223-228 
INTRODUCTION
Heat-stable enterotoxin b (STb) secreted by enterotoxigenic strains of Escherichia coli is a low molecular weight peptide that produces secretory diarrhea in animals by altering the intestinal electrolyte balance [4] . STb is a 48-amino-acid polypeptide with a molecular weight of 5.2 kDa. Nuclear magnetic resonance (NMR) studies of STb have established a structure having two antiparallel alphahelices motifs separated by a loop. There is an amphipathic helicoidal stretch between residues 10 to 22, exposing several polar side chains to the solvent. Facing it, is an hydrophobic helix extending from residues 38 to 44 [17] . STb enterotoxin forms hexamers and heptamers through hydrophobic bonds between the C-terminal hydrophobic α-helix [14] . Mutagenesis studies have demonstrated the importance of amino acid I41 and M42 in enterotoxicity and oligomerisation [13] .
STb binds to a functional sulfatide receptor located in brush border membranes [16] . In vitro studies have shown that the intestinal secretion pathway involves the activation of a GTP-binding regulatory protein (G α i3 protein) sensitive to pertussis toxin. This action results in an intracellular calcium elevation through a receptor-dependent ligand-gated Ca 2+ channel [3] . The ensuing high level of intracellular Ca 2+ is presumably involved in activation of a calmodulin-dependent protein kinase II (CaMK II) which could open an undetermined ionic channel [8] . In addition, intracellular concentration of Ca 2+ may regulate phospholipases A 2 and C which catalyze the release of arachidonic acid from the membrane phospholipids, and ultimately the formation of prostaglandin E 2 (PGE 2 ) known as a secretory agent [7, 12, 15] . The steps following the attachment of STb to its receptor remain unsolved. In addition to STb toxin, a fusion protein with the maltose binding protein (MBP-STb) previously shown to be active in vivo [6] and a STb mutant (I41E-M42R) that could not form oligomers [14] were also evaluated in vivo for internalization. We hypothesize that after docking to sulfatide, STb has to cross the plasmic membrane to possibly activate a G protein and, in this study, experiments were conducted to prove or refute this point.
MATERIALS AND METHODS

Ligated rat jejunum loop assay
Enterotoxicity tests were conducted using a ligated rat jejunum loop assay as described previously [5] .
STb toxin purification
In order to obtain pure STb mutant (I41E-M42R) and native STb enterotoxin, the peptides were produced and purified according to a previously described method [10] . The mutant was produced by oligonucleotide-directed site-specific mutagenesis using the USE Mutagenesis Kit from Pharmacia Biotech. as already described [13] . The fusion protein (MBP-STb) was purified by ionic chromatography following an already described method [6] .
Anti-STb gold conjugate
Rabbit monospecific polyclonal antiserum against STb was produce according to the method of Handl et al. [11] . Colloidal gold particles approximately 18 nm in diameter were prepared according to the method of Frens [9] . The minimal dilution of anti-STb serum required to stabilize a fixed amount of colloidal gold adjusted to pH 6.9 was determined by construction of an adsorption isotherm. It was found that a ratio of 1:100 (antisera: colloidal gold) was just sufficient to prevent salt-induced flocculation. After centrifugation at 45 000 × g 224 V. Labrie et al. for 30 min at 4 o C, the final pellet was resuspended in 1/10 of the original volume and stored at 4 o C. The distribution of intracellular gold particles was quantitated by calculating the number of black dots per field at a magnification of 30 000×.
Electron microscopy
In brief, pieces of cut tissue were fixed in 1% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 2 h, and then washed 5 times with buffer alone. After dehydration in an alcohol series, the alcohol was progressively replaced by 100% Unicryl at 4 ºC. After the change of Unicryl in 24 h, pieces of tissue were covered with Unicryl for polymerization under UV rays at 4 ºC for 72 h.
Sections were cut using a diamond knife on a Reichert-Jung Ultracut ultramicrotome. After a blocking step with 1% ovalbumin in buffer A (0.1 M phosphate buffer pH 7.4, 150 mM NaCl and 0.05% Tween 20) for 1 h at room temperature, sections were then incubated with anti-STb gold conjugate diluted 1/6 in buffer B (20 mM Tris pH 7.6, 150 mM NaCl, 0.05% Tween 20 and 0.5% ovalbumin) overnight. Following washing steps, sections were stained with uranyl acetate and lead citrate and viewed in a Phillips 201 electron microscope operated at an accelerating voltage of 80 kV.
RESULTS
The distribution of toxin-anti-STb-gold particles complex on the surface and within the intestinal epithelial cells after STb incubation for 3 h in the rat loop model is shown in Figure 1 . Gold particles were mostly found intracellularly and were present in fewer number bound to the plasmic membrane. The toxin molecules at the surface of cells could be docked to the plasma membrane via its sulfatide receptor. As shown in Table I , we observed for both proteins tested, STb and a fusion protein MBP-STb, a significant internalization process using the statistical test ANOVA, for F(2,174) = 51.5, p < 0.0001. Moreover, the fusion protein MBP-STb seemed to behave like the STb toxin as the means of gold particles per field were not significantly different. Those assays were repeated twice and similar results were obtained.
In another experiment, internalization of mutant I41E-M42R was compared to native STb toxin. As observed in Table II , the mean number of gold particles per field for the mutant I41E-M42R was significantly different (p < 0.0005) from STb toxin but not significantly different from the PBS negative control according to the statistical Student t test. The relative percentage of internalization for the STb mutant was 7.4% compared to the native STb toxin. No subcellular compartment seems to be particularly aimed by the toxin as gold particles were randomly distributed within the cell.
DISCUSSION
The present study presents direct evidence of STb internalization in an in vivo animal model. Using an anti-toxin gold labeled assay followed by visualization by transmission electron microscopy, we have demonstrated that STb entered intestinal E. coli STb internalization 225 epithelial cells within the 3 h incubation period. This supports the fact that the maximum activity of STb occurred after 3 h of incubation [12] . A study by Chao and Dreyfus on the binding of 125 I-STb toxin to rat intestinal epithelial cells indicated that following its interaction with epithelial cells, approximately 50-80% of the toxin remained stably associated with the cells [2] . This observation, according to the authors, could imply that the toxin was partitioned into the membrane or could also be internalized by the cells. In a previous study, the same authors had shown that after adding STb to T84 and HT29 cells in culture, a significant fraction of the added toxin was free in cytoplasm as indicated by a reaction involving anti-STb antibody and a goat anti-rabbit IgG-Rhodamine conjugate. From their results, they concluded that the bound toxin could probably directly traverse the plasmic membrane [1] . The staining of the cytoplasm was diffuse indicating that STb did not appear to preferentially associate with membrane vesicles or cellular organelles.
In our study, STb and MBP-STb, a fusion protein, were equally internalized within rat intestinal epithelial cells in vivo. This corroborates the results obtained in a previous study with those molecules as both were biologically active in vivo [6] .
The results obtained for STb mutant I41E-M42R suggest that the hydrophobic α-helix via the amino acids residues I41 and M42 could be involved in the internalization process. Knowing that these residues (I41 and M42) are necessary for oligomerization [14] , the role of these residues could be either due to their direct implication in hydrophobic interaction during the passage through the plasmic membrane or the requirement for the oligomerization process before internalization could occur. Interestingly, since these residues (I41 and M42) have also been shown to be important for enterotoxicity [13] , perhaps this may mean that internalization is crucial for enterotoxicity of STb. Many toxins that show internalization activity possess hydrophobic or amphipathic alpha helical structures as observed for STb toxin. Further studies with reporter proteins such as the green fluorescent protein (GFP), for example, could be useful to detail the pathway taken by STb during the internalization process.
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